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Available online 23 May 2008AbstractWe measured and compared the d13C values and nitrogen concentrations within the photosynthetic parts (Np) of phototrophs
growing in different successional stages and different soil conditions at Ny-A˚lesund, Svalbard, Norway. At all study sites, the
Np value of vascular plants ranged from 1.0 to 2.2%. The Np value for most moss species was less than 1.0%; values for lichens
were about 0.5%. No significant correlation was detected between Np and d13C; however, different plant species occupied distinct
fields on a d13CeNp plot, with minimal overlap between species. The Np value of Saxifraga oppositifolia, which grew at all of the
study sites, ranged from 1.1 to 1.5%. Differences in growth form had no effect on Np. The Np and d13C values obtained for
S. oppositifolia were confined to within a narrow range regardless of site conditions.
 2008 Elsevier B.V. and NIPR. All rights reserved.
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On the foreland of East Brøgger Glacier, Ny-
A˚lesund, Svalbard, several stages of succession occur
within a small area, with different soil conditions at
each site (Nakatsubo et al., 2005). This area contains
several types of phototrophs, including lichens,
mosses, narrow-leaved grasses, perennials, and shrubs.* Corresponding author. Tel.: þ81 156 252608; fax: þ81 156
253050.
E-mail address: akume@attglobal.net (A. Kume).
1873-9652/$ - see front matter  2008 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2008.04.001Pioneer species immediately invade and become
established on deglaciated moraines. Following degla-
ciation, the soil contains almost no carbon or nitrogen
(Bekku et al., 1999); however, with the progress of
primary succession, a soil develops and the soil water
condition and nitrogen content show marked improve-
ments (Nakatsubo et al., 1998; Bekku et al., 1999).
Zielke et al. (2005) showed that nitrogen fixation activ-
ity is strongly affected by the availability of water
under field conditions. Therefore, it is expected that
changes in soil conditions affect the way in which
plants on a glacier foreland utilize water and nitrogen.reserved.
144 A. Kume et al. / Polar Science 2 (2008) 143e147To evaluate the water-use efficiency of phototrophs,
Kume et al. (2003) investigated the d13C values of
photosynthetic organs from various types of phototrophs
within different successional stages. The d13C value is
related to long-term water use by the plant (e.g., Farqu-
har et al., 1982; Ehleringer and Cooper, 1988) and is
expected to depend on soil water conditions; however,
the mean d13C values of all of the species growing at
each site investigated by Kume et al. (2003) showed no
relation with soil conditions, but they did show relations
with species and growth form. For example, Saxifraga
oppositifolia, one of the pioneer species on the glacier
foreland, has two forms: prostrate (P-form) and cushion
(C-form). The d13C values of each formwere unaffected
by soil conditions, but at all sites the d13C values of
C-form plants were about 2& more negative than those
of P-form plants (Kume et al., 2003).
In determining the significance of the different
growth forms and their resource utilization, the nitro-
gen concentration within photosynthetic organs may
provide useful information as an index of photosyn-
thetic activity. In the current study, the nitrogen
concentrations within the photosynthetic parts of
phototrophs were investigated to evaluate the effects
on photosynthetic characteristics of soil development
following deglaciation at Ny-A˚lesund, Svalbard. We
analyzed the same plant samples as those used in our
previous study (Kume et al., 2003) in measuring
d13C values with the aim of revealing the relationship
between water and nutrient use. The ecophysiological
roles of the different morphological characteristics of
S. oppositifolia were then examined.
2. Materials and methods
2.1. Study sites
The East Brøgger Glacier is located near Ny-
A˚lesund in northwest Svalbard, Norway (78550N,
11510E). The annual mean air temperature and precip-
itation in this area for the 4 years of 1995e1998 were
5.5 C and 362 mm, respectively. Snowmelt usually
occurs in July. The maximum monthly mean air
temperature is about 5 C in July and August, with
a minimum of about 15 C in January. The duration
of the snow-free period ranges from 1 to 2 months,
with considerable annual variation.
In 1994, we established four study sites (Sites 1e4)
along a primary successional series of the glacier fore-
land. To study the plant distribution, a 3 3 m quad-
rate was set up at each study site and the percentage
cover of each plant recorded. Site 1 was the youngest,situated on a newly deglaciated moraine about 100 m
from the tip of the glacier. Only isolated plants such
as S. oppositifolia were observed at this site. The total
coverage of vascular plants was less than 1%, and
black crusts of cyanobacteria and several species of
bryophytes partially covered the ground. Site 2 was
located about 300 m from the glacier where approxi-
mately 80% of the ground was bare; the coverage of
S. oppositifolia was greater than that at Site 1. Poa
alpina var. vivipara and Draba alpina were also
observed. Site 3 was positioned on a small moraine
where approximately 17% of the ground was bare,
30% was covered with black crust, and 53% with
mosses and vascular plants (mainly S. oppositifolia,
Salix polaris, Luzula confusa, and Sanionia uncinata).
Site 4 was located on the oldest moraine, about
1200 m from the glacier, upon ground patterned by
small polygons. Almost all of the ground was covered
with black crusts, lichens, mosses, and vascular plants
(mainly S. polaris, L. confusa, and S. uncinata). The
coverage of S. oppositifolia was less than that at the
younger sites, and S. polaris was dominant.
Nakatsubo et al. (1998) reported the mean soil
carbon, nitrogen, and mass water contents in soil
between 0 and 5 cm depth at these sites, as well as
soil and root respiration. Microbial biomass and
vertical profiles of carbon and nitrogen in the soil at
each site were described by Bekku et al. (1999). Soil
microarthropods belonging to the five major groups
dGamasida, Prostigmata, Oribatida, Collembola,
and Dipteradshowed significant differences in species
composition and population size among the different
sites (Yoshida et al., submitted for publication).
A summary of soil conditions is provided in Fig. 1.
These data suggest that the processes of the nitrogen,
carbon, and water cycles differ among the study sites.
To assess the effects of different moisture environments
on growth form, Site 5 was established on a riverbank
about 600 m from the glacier. The site contained large
patches of S. oppositifolia in which P-form and C-form
plants grew in close proximity within the same homoge-
neous habitat (Kume et al., 1999). Site 6 was established
on a dry moraine ridge within a polar semi-desert
ecosystem located about 3.5 km north of the glacier,
containing many small patches of S. oppositifolia and
Dryas octopetala. The snow-free period at this site was
about 2 weeks longer than that at the other sites.
2.2. Samples
On30 and31 July 1999, close to the end of the growing
season in Ny-A˚lesund, we collected three individuals or
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Fig. 1. Soil development following retreat of the East Brøgger Glacier near Ny-A˚lesund. Sites 1 (S-1), 2 (S-2), 3 (S-3), and 4 (S-4) were estab-
lished at 100, 300, 700, and 1200 m from the tip of the glacier, respectively. (a) Soil carbon contents within soil at 0e5 cm depth, (b) soil nitrogen
contents (Ns) within soil at 0e5 cm depth, (c) soil C/N within soil at 0e5 cm depth, (d) soil mass water content within soil at 0e5 cm depth, (e)
soil respiration, (f) root respiration, (g) microbial biomass within soil at 0e2 cm depth, (h) relative number of soil microarthropods at 0e5 cm
depth. Data shown in (a)e(f) are from Nakatsubo et al. (1998), (g) from Bekku et al. (1999), and (h) from Yoshida et al. (submitted for
publication).
145A. Kume et al. / Polar Science 2 (2008) 143e147crusts of phototrophs growing at each site. These plants
were immediately placed in a deep freezer and freeze-
dried. The green parts of the samples were milled using
a coffee mill modified for processing small samples
(KTG-0001,Koizumi-SeikiCo.,Osaka, Japan). Thenitro-
gen contents of the samplesweremeasured using a carbon
and nitrogen analyzer (Sumigraph NC-900, Sumika
Chemical Analysis Service, Japan).
2.3. Statistics
Data are presented as mean one standard deviation
(SD). The statistical significance of the effects of site andTable 1
Nitrogen concentrations (%) within the photosynthetic parts (Np) of dominan
Saxifraga oppositifolia (c) indicates C-form; S. oppositifolia (p) indicates P-
Site 1 Site 2
Vascular plants
Saxifraga oppositifolia (c) 1.15 0.07 1.43 0.24
S. oppositifolia (p) 1.21 0.06 1.42 0.06
Draba alpina 1.76 0.26
Poa abbreviata 1.49 0.09
Poa alpina 1.63 0.44
Salix polaris
Luzula confusa
Dryas octopetala
Silene acaulis
Mosses and lichens
Sanionia uncinata
Aulacomnium turgidum
Dicranum elongatum
Cetrariella deliseigrowth form on nitrogen concentration was assessed by
analysis of variance. All statistical analyses were carried
out using JMP 5.1.2 software (SAS Institute, Inc.).
3. Results and discussion
For all study sites, the nitrogen concentration within
the photosynthetic parts (Np) of vascular plants ranged
from about 1.0 to 2.2% (Table 1). Np values obtained
in the current study fall within the lowest range
described by Ko¨rner (1989). It has previously been
reported for several plant species that Np is correlated
with altitude (Friend et al., 1989; Morecroft andt vascular plants, mosses, and lichens at each study site (n¼ 3, SD).
form
Site 3 Site 4 Site 5 Site 6
1.23 0.02 1.29 0.12 1.40 0.23 1.07 0.10
1.34 0.01 1.29 0.09 1.52 0.44
2.02 0.22 2.17 0.10 1.90 0.22
2.09 0.29 1.25 0.12
1.14 0.10
1.10 0.12
0.93 0.10 0.98 0.22 0.57 0.21
0.47 0.09 1.01 0.40
0.86 0.07
0.66 0.12 0.57 0.06
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Fig. 3. Relationship between d13C and Np for Saxifraga oppositifolia
at each study plot. B indicates P-form of S. oppositifolia; C indi-
cates C-form of S. oppositifolia. S1: Site 1, S2: Site 2, S3: Site 3,
S4: Site 4, S5: Site 5, S6: Site 6. The d13C data are from Kume
et al. (2003). Bars indicate standard deviations.
146 A. Kume et al. / Polar Science 2 (2008) 143e147Woodward, 1996; Taguchi and Wada, 2001; Sakata
et al., 2006); the altitude of the present study area is
close to the lowest (<40 m above sea level) of the
distributional ranges presented for most of the
previously studied species. Returning to the present
study, the Np values of non-vascular phototrophs
were always lower than those of vascular plants. Np
values for most of the moss species were lower than
1.0%; those for the lichens were about 0.5%.
For all species, no significant correlation was found
between Np and d13C. The correlation coefficient
between Np and d13C for all vascular plants together
was 0.087 (n¼ 63); that for moss species was 0.086
(n¼ 18). However, different plant species plotted in
distinct fields in a d13CeNp plot, with minimal overlap
between species (Fig. 2).
McJannet et al. (1995) concluded that plants
belonging to different functional groups have different
tissue nutrient contents. The present results suggest
that each phototroph had different physiological
characteristics and different combinations of water
and nitrogen utilization at the tissue level. Saxifraga
oppositifolia grew in all of the study sites, with Np
values of 1.1e1.5%. No significant difference in
Np values was observed between the two growth
forms at any site (Table 1; P> 0.05); therefore,Poa-l
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Fig. 2. Relationship between the d13C value of the photosynthetic
parts of plants and Np. Each data point represents the mean of all
samples of each species or group. Salix: S. polaris; Draba: D. alpina;
Luzula3: L. confusa at Site 3; Luzula4: L. confusa at Site 4; Poa-b:
Poa abbreviata; Poa-l: P. alpina; Saxifraga(p): P-form of S. opposi-
tifolia; Saxifraga (c): C-form of S. oppositifolia; Dryas: D. octope-
tala; Silene: Silene acaulis; Mosses: S. uncinata, Aulacomnium
turgidum, and Dicranum elongatum; Lichen4: Cetrariella delisei at
Site 4; Lichen6: C. delisei at Site 6. The d13C data are from Kume
et al. (2003). Bars indicate standard deviations.S. oppositifolia maintained its Np value within a certain
range regardless of growth form. Throughout the study
sites, the Np and d13C values of S. oppositifolia were
relatively conservative, and showed little variation
compared with those of other phototrophs (Figs. 2
and 3). In contrast, the ground-cover area per biomass
(GA) of S. oppositifolia differed with growth form: the
GA of P-form plants was about 240 cm2 g1, whereas
that of C-form plants was at most 70 cm2 g1 in moist
sites and less than 30 cm2 g1 in dry sites (Kume et al.,
1999). Therefore, the nitrogen concentration per
ground-cover area for C-form plants is 3e8 times
greater than that of P-form plants, and the demand of
transpiration per biomass of C-form plants is markedly
smaller than that of P-form plants. For S. oppositifolia,
growth form is a more effective means of adjusting its
water and nitrogen-use characteristics to growth
conditions than the physiological characteristics of
leaves.
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